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FRICTION AND WEAR OF CARBON-GRAPHITE MATERIALS FOR HIGH-ENERGY BRAKES

Robert C. Bill

Propulsion Laboritory
AVRADCOM Research and Technology Labofatories
Lewis Research Centér
Clevelafid, Ohlo

Abstract

Caliper-type brake simulation experiments were con-
ducted on seveh different carbon-graphité matertal formula-
tions against a steel disk material and against a carbon-
graphite disk material. The effects of bindér level, boron
carbide (B,C) additions, 8{C additions, graphite fiber addi~
tions, and graphite cloth reinforcement on friction and wear
behavior were {nvestigated. Reductions in binder level, addi«
tions of B 40, and additions of SiC each resulted in increased
wear. Thé wear fate was not affécted by the addition of
graphite fibers. Transition to sevei'e wear and high friction
was observed in the case of graphite-cloth~reinforced carbon
sliding against a disk of similar composition. This transition
was related to the disruption of a continuous graphite shear
film that must form on the sliding surfdaces if low wear is to
occur. The exposure of the fiber structure of the cloth con-
stituent is believed to play a role in the shear film disruption.

INTRODUCTION

High friction forces resulting from heavy unit loads and
high sliding velocities produce large quantities of energy in
such mechanical componénts a8 clutches, brakes, sliding-
clement bearings, and under certain conditions, seals. In
terms of rate of enexgy dissipation, the most severe situatfon
is probably to be found in aircraft brake systems. Here typi-
cal brake applications require the sliding interfaces to convert
about 4200 N-m/cm? (20 000 ft-1kf/in?) of kinetic energy per
unit area to Leat in approximately 30 seconds (1), Unless
improved materials for brake linings are developed, the trend
toward heavier aircraft will result in either shorter brake
lining lives, which will increase maintenance, or larger brake
lining area, which will increase landifg gear welght and bulk.

The life of currently used aircraft brake lining materials
is determined by wear, which in turn is strongly dependent on

the temperature experiencad by these matérials during sliding.

This temperaturé dependénce is due largely to softening of the
metal binder (usually vopper or ironj present in the ciirrently
used brake lining composite materials (2). In addition, the
thermal cycling promotes cracking and spallation, which re-
sults in accelerated wear (3) and oxidation.

In view of the probleis associdted with metal-based com-
posites, two properties that & superior material for use &8 an
airer % brake lining should possess become s/ppafent. These
properties are (1) significant mechanicdl strength at tempera-
tures approaching 1100° C (2012° F) and (2) & low thermal ex:
pansion cocfficicnt to reduce thermal mti€secs caused by tem-
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perature gradiehts. lmprovements in thede two properties
would result in reduced wear, provided they are not accomph=
nied by reduced thermal conductivity, reduced volume specific
heat, or tenhdencies to undergo adhesive weir.

There are several material approaches that might be con-
sidered from the standpoint of these requirermerts. Among
them are the use of ceramics rather than metal-based com~
posites and the substitution of higher temperature metals for
the currently used copper (4,5). The approach considered
herein is to construct part or all of the brake system (linine
and heat-sink material) of carbon graphite. Carbon-graphite
materials have démonstrated good friction and wear properties
in that they are nongalling and tend to be self-lubricating (6).
Their attractive thermal properties include & conductivity
comparable to that of metals, & very high mass specific heat,
& thermal expaiision coefficient about one~half that of copper
based materials, and alinost a 100-percent Pétefition of me-
chanical properties at tempetatures to 1100° C. However,
lke the ceramic materials, the carbon graphites do tend to be
brittle. Another potential problem with carbon-graphite mate-
rials is their susceptibility to oxidation (7).

This work was conducted to détérmine the friction and
welr behavior of & séries of carbon-graphité materials in a
high-energy friction situation, similar to that encountéred in
brake applications. The materials selected for this study are
intended to show the effects of concentration of carbon binder,
changee in filler constituents, addition of an oxidation inhibitor,
and the presenceé of & graphite cloth reinforcemett on high-
energy friction and wear.

The investigation was performed on & calipef-type brake
simulation apparatus. Sliding speeds to 31 m/sed (100 {t/sec)
were used with typical norraal unit loads of 88 N/em? (127 psi),
comparable to those conditions encoantered in landifig opera-
tions. Hence, the frictional Heat generated per unit area was
of the same order s that in actual airerift brake applications.
Wear rates wore based on weight loss measurements after
sliding. Friction was continuously recorded for all experi~
ments. Optical and scanning electron microscopy (SEM) werc
used to heip identify the wear méchanisms.

APPARATUS

The apparatus uscd In this study is shown in Fig. 1. It
consisted of & 36. 6~cm- (14-in, ~) diameter brake disk driven
by a 30-kW (40-hp) electric motor. The carbon-graphite pad
specimens were loaded, caliper fashidh, againet the disk by a
pair of hydraulie cylindcrs. Both speciméns were fuily losded
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againmt the disk within lons than 1/2 sscond of one andthor.
Tho grip arnembly contained & ball-in-socket mounting to pro-
vide for spectmen alfnomoent with rospoct to tho disk. The
support holding the spoctmens and hydraulic eylindors was
susponded from the matfonary framework by R pair of flexible
plute assembites, which allowed for the transnission of the
friction foree to a stradn-gage ring mounted on the framowork.
‘The rotational speed and normal foree between the spocimen
and the disk were also moasurod,

The experimentat carbon-graphite pads were 2,54 cm
(1 inL) in diameter with 4 0.95-cm- (3/8-1n, -) diameter hole
in the center for mounting purposes.  An antirotation slot was
provided on the back of cach pad, as was a thermocouple hole
that allowed for temperature readings at & depth of 1 to
1.5 mm (0,04 1o 0,046 in) below the shiding surface of the pad.

Frictional force, normal load (hydraulie pressure), disk
speed, and the temperature indicaiead by the thermocouples in
ciach pad were constantly recorded.  These messured data
were supplemented by divect observation of noise level during
sliding, oceurrence of sparking or burning of pad material,
and generation of loose debris,

MATERIALS

The known properties and compositions of the experimen-
tal earbon-gruphite pad materiats ave shown 1 Table 1. With
the exeeptions of graphite~cloth-reinforeed composite (GCRCY),
boromated graphite (BG), and the graphite-SiC composite, the
processing of these carbon-graphite muterials was similar (8)
and is brietly summirized here, The filler and binder consti=
fuents were mised in the indleated proportions, and the mis-
ture was molded under the indicated temperature and pressure
conditions.  The compacts were then heat treated according to
a carcfully controlled heating and cooling schedute during
which o maxinuum temperature of 28007 € G072 1) was
reached and held for 1 hour, During the heating oy cle, wla-
tile substunces fror the binder were dreiven off, leaving be-
hind a completely carbonssed binder phase, At the extreme
temperatures, some graphitization of the binder ia also o~
pectid to oceur ¢h.

The GCRC materinl was prepared by binding layers of
woven graphite cloth together, the binder being a pitch mate-
rinl. The compusite wis then subjected to a highi-tompoerature
heat treatment dering which the binder between the eloth plies
wis eirbonized.

The BG matertal i=oa highly graphitic matrix materisl
with the addition of approxtmately 10 pereent (by weight) of
boron cachide (B,C). The binder uned was cosl tar piteh,
material that extensively geaphitizes during the 2400° € troat-
ment, The exact proportion of piteh binder 18 unknown but is
bolioved to be about 30 parts by welght per 100 paits of gra-
phitic tiller matervial,

Griphite mlivon carbide composites were olfatned from a
vomime red source. The materials were fornied in a chomt-
cal vapor deposition fuendoe from mothand and methyitrt-
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chivrusilane gus mixtures, snd tho process was cirried out &t
tomperaturos of about 3500° C. Morphologleally, the graphite-
silfcon catbide componites consisted of S1C noedles In & pyro-
lytic grapliito matrix. The noodle oriontation of the graphite-
silicon carbido brake puds was roughly normal to the sliding
surface. The concentration of S$IC in the pyrolytic graphite
matrix was controlled by varying thoe process temperature,
Two S{C concentrations wore evaluated {n thie study, namely
15 and 40 wolght percent. Graphlte/silicon carbide composites
show lmproved oxldation ahd eroston resistance compaied to
graphitic materials, and were therefore considered likely can-
didutes for tmproved high enorgy brake lining materials.

Two disk materials were used: 17-22 steel (currently
used aireratt brake disk materinl) and a graphite-cloth-
reinforeed carbon materlal (similar to the GCRC pad mate-
rial. The nominnl composition of the 17-22 AS steel was
Fe-0,3C-1.3Cr-0,5Mo-0, 25V, 1t was heat treated to @ hard-
noss of 45 Rockwell €,

PROCEDURE

The experimential earbon-graphite pad speelinens were
dry machined to a 0, 4-pm (10-pin.) surface finish, lghtly
sanded on dry 600-grit polishing paper, and then burnished
against a Hnt-free cloth. They were nost baked at 200° ¢
(39:}0 1) for 2 bours in an effort to drive off residual contami-
mints,  Following this treatment they were stored in a dessio-
cator until removed for testing,

The 17-22 AS steel disks were ground to a 0, 4-um surface
finish and cleaned with trichlorocthylene before use in u test.
A fresh steel disk was used for cach pair of carbon-graphite
pad specimens,  The grapidte-cloth-composite disks were
used in the as-received condition, and no solvent treatmoents
were applicd before testing,  Becausie of the limited number of
gpraphite-cloth-reinforced compostte disks availnbie, it was
necessary to run move than one test with each disk,

The wear eateulations were based on pretest and post-test
welght measurements of the pad spectmens, Sinee typical
welght losses were of the order of several milligrams, there
was ooncern gbout the coffect of moisture absorption on the
wolght measurements. it was found that, within 1 hour after
bakeout, the pad woight stabliized; further expusure to labo-
ratory environment f_or several days resulted {n wolght fluctun-
tions of 1 mg (2\10"“ mib} or less. Thus, I hour éfter ro-
moval from the desiceator, the pro-test weight méasuremoents
wore mado.  Similarly, th post-test welglit measurements
woere mado approximately 1 hour after a sliding exgosure,

After the pretost wolght measurements, the spectmoens
were fastened into the Nolders, thermocouples were inserted
n a hole in the ek of cach pad, and the pads were loaded
AgainAt tho stationary disk surface  The ball-in-socket jolnts
were tightetiad, anid the prds were unloaded.  The specimoens
waore thus alined with respect to the disk susface.

Threo types of brake tosts wore conducted in this tnvesti-
gation, The firm type was desighed to indicate the frictionsdl




behnvior of the pad materials under conditions of varied sliding
speed. The test pattern consisted of throo simulated-stop ap-
pheations followed by throe constant-spced applications, fof-
lowed by a finsl simulated stop. The simulated 8L0p WES con-
ducted by driving the disk at 1800 rpm, whick Rguve & 31-m/soc
surface speed. The motor power was then switched off antd the
brake pads were loaded against the disk with u 766-N (172-156)
foree, braking the disk and motor rotor to a stop. The
constant-speed applications were performed by londing the
pads with a 765-N normal force sgalnst the disk for 10 see-
onds, with the disk driven at constant speed.  The three
constant-speed applications wore at 31, 26, and 20 m/sec
1100, 83, and 67 ft/see). The pads were visually inspected

(in the hoiders) after the first threo siimulated-stop exposures
to determine whether they were damaged or vxeessivoly worn
before they were subjoeted to the more severe constait-speed
exXpOsSures.

The second test pattern was a load-variation test consist-
ing of sequentially loading the pads under incrementally in-
creiased normal londs while the disk was rotated at & constant
<t m/see, The normal loads were 136, 227, 302, 382, 402,
462, 502, and 542 N (42, 51, 68, 86, 95, 104, 113, and 122
tbf) and the contact time was 10 seconds,

Finally, the third type of test wus conducted by subjecting
the experimental pad maferials to a 422-N normal lond and a
2-m/see stiding veloeity for an uninterrupted exposure of
60 seconds. The motivation for this type of test was to doter-
mine whether frictionat teansitions wnd chunges in wear mech-
anisms might accompuny prolonged sliding URPOSUTreS,

The measured welght losses for cach type of test were
transiated into wear solumes,  The wear volwmnes were then
divided by the frictionnl energy dissipated during sliding to
pive nspecific wear rate which would reflect both the wear of
the pad materiat and its performance as a brake, The pad
sliding surfaces woere then photographed, and in some Cuses,
seanning electron tiicroscopy obacrvations of the sHding sur-
face features wore made.,

RESULTS AND DISCUSSION

General Frictional Behavior

The carbon-graphite - high-binder (CG-HB) material
served as a standard in this experimental study (though it is
not a state of the aet matertal) for the comparison of the fric-
tion and wear behavtor of the different carbon-graphite formu-
tations, Figures 20 and (L) show driction data obtatied when
CG - was abjected to slding agiiinst the 17-22 AS stool
disk mate: With some exceplionn, to be noted later, these
resufts RLof the friction behavior exhibited by most
af the oo -Rraphite materints during sUding agninst both
the Q7-200 AN steel and graphite-cloth-reinforeed disk mate-
rials. The friction was very smooth and uniform (friction co-
efficient, g -9, 13) during the canstant-speed oxpomires, A
aigtht inereane i Sriction (o o~ o0, 16 was observed toward
the end of the stop. Notice tant most of the friction inerogse
took place wlter the sHding speed had been vedoved to about

18 m/soc (B2 ft/xuc), aw shows (n Fig. 2(b).

When the carboti-graphite matevials were subjected to
sliding in & load-variation tost mnﬂgurution, somewhat lower
values of friction were meanured, as indleated tn the Bummary
of friction-ugainst-losd results shown in Table H@w), Further-
more, the variution of friction cocfficient with norinal load
wis irrogular, with the values of friction coefficiont usually
belng higher under hgh normal loads thun under low normal
loads. Comparing Tables 11@) and () showsa that all carbon-
graphite matorials, with the excéption of GCRC, cxperienced
higher friction when sliding agatnst the graphite-cloth-
reinfurced disk than against the 17-22 AS steel disk material.

Under prolonged, high-normal-load sliding conditions
agdinst 17-22 AS steel disks, the carbon-graphite matorvials
usuaity underwent a transition to high, rough friction. The
vesults shown in Fig. 2c) are typieal. The load in this cnse
was 462 N (104 If), After about 20 seconds of sliding, con-
sidevable vibration began to appess {n the {rictional force
messurement, as indicated by the wide band in triction values
after about 28 seconds, After 30 seconds the friction wits
clearly rising and an audible squeal recompanied the much
Inrger vibratfon, At the end of the test, atter 35 scconds of
sliding, the coefficient of frictton was about 0. 26, compared
ta 0.16 at the beglaning,  Details as to the magnitude of such
transitions and the time required for them to occur varied
from test to tost ana did not seem to be a function of the
carbon-graphite pad material formulation. 1n some cises
these transitions were seen to be reversible - the friction ro-
turning to 2 value c¢lose to that init’ally obscrved and again be-
coming smooth. 1n other eases the friction beeame so high
and the vibration so sevete that fracture of the pad material
vecurred.

The wear results summarized {n Table 11 indleate that
some of the earbon-graphite materinds oxhibited exceptionatly
Bovere wear when aliding against 17-22 AS stéel in oither a
lond-varigiion or u prolonged-exposure test, but never tn
stmulutéd--stop ~ speed-variation test. The genoration ot
sprrks, which is indieative of oxidation at the interface, was
observed to sedompatiy the severe wear, The spurks, and
probubly most of the wear, oceurred during the heavy load ap-
plications of the load-viriation tests and near the end of the
60-second applications when bulk pad temperatufes of 160° to
200° ¢ 302" t0 392° ¥) were measured. The welght chuiige
incurred during these exposures was usually much higher than
that resulting from tests in which spitrking was not observed,
and the: butk of the specimen welght loss most likely resulted
from oxidation rather thai sltding wear. These results were
not included in the ealeulation of average wear rates, bus their
vecurrence Is atgnifteant n assessing the performance of the
expriimental carbon-graphite materials.

Surface Shear Layer Observattons

Sudies of the surface chavacteristios of the carbon-
graplifte pads indicate that duciog sliding the shear takes pliee
in 1 thin reortented layer that forms on the pitd surfuce.  This
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coneept is discussed in Réfs. 6 and 10, Figure 3 shows the
surface condition of 2 CG-HB specimen after a combination of
simulated-stop and speed-vuriation exposures agalnst a 17-22
AS stecl disk. This surface Is typical of all the earbon-
graphite sliding surfuces ufter such sliding exposures, In
these cases, transfer {ilms were also seen on the disk sur-
face. Very few fe¢atures were apparent in the reoriented layer
that developed on the carbon-graphite pad sliding surface,
When viewed in room light the layer exhibited a mirrorlike
polish,

After exposure to conditions that produced the type of
transition described in Fig. 2(c), the sliding surface of the
carbon-graphite pads showed a distinctly different appearance,
On a microscopic scale the sliding surface of the pads showed
elongated 'blisterlike" features that had a metallic appearance
in room light. These featutes covered about 10 to 20 percent
of the surface, the remainder having an appearance like that
in Fig. 3. Examples of these "blistered' areas are shown in
Fig. 4. Here the 'blistered” areas are seen to be regions
where the shear layer is disrupted; some structural detail is
revealed by the way in which the layer breaks up. The shear
layer is seen to consist of distinct sheets, probably composed
of preferentially oriented graphite. Reglons of graphite sheet
that have buckled and fractured, with resulting separation

from the substrate, are revealed by the "glowing" white areas.

The transition to higher friction may then be related to the
disruption of a dense, continuous surface shear layer com-
posed of oriented sheets of graphite. According to the liter-
ature, disruption can be induced (1) by the desorption of water
and other vapors from the shear layer (6,11) and/or (2) by the
disruption of the surface oxide present on the metal disk (10).
Once the shear layer is broken up, the pad sliding surface s
composed of randomly oriented carbon and graphite particles.
Unless the shear layer is réstored, sliding will continue to be
in a high friction and wear modec.

Figure 5 shows the surface of a carbon-goaphite pad after
very severe sliding (1 > 0.5) with heavy wear. No coherent
film exists, and there are pockets of loose d:bris particles
at various locations on the surface. On a macroscopic scale
the sliding surface of the pad exhibits u matte appearance,
typical of the surfacce of carbon-graphitc materials after
undergoing oxidation. The frictional heating was such that
pad temperatures of 150° to 206° C were measured at a 1-mm
depth below the sliding surface. Simple heat-transfer con-
siderations indicate that the temperature could easily exceed
600° C (1112° ¥) at the sliding surface, which would promote
oxidation of the surfacce reglons.

Comparison of Wear Results

Wear results for the experimental pad materials are
shown in Tables II(a) and (b) for sliding against 17-22 AS
steel and graphite cloth reinforeed composite disks, respee-
tively, and average wear measurements are summarized in
Fig. 6. Despite the rather large scatter in wear data, some
systematic trends in the wear of the various compositions do
seem to emerge.  For purposes of comparison, fesults ob-

tained from & currently used copper based aircraft brake ma-
terial (5), tested under conditions similar to those omployed
hefoln, showed a wear rate about an order of magnitude
grester than that of the CG-HB material,

Effeet of binder level. - The effect on wear of varying the
amount of pilch binder in the prebake mix may be seen by com-
paring the performance of CG-HB, CG-MB, and CG-LB (car-~
bon graphite with high, medium, and low binder levéls, re-
spectively). For sliding against both the 17-22 AS stéel and
graphite-cloth-reinforced composite digks, the medium-
binder-level material (60 parts by weight per 170 parts filler)
CG-MB appeared to show a higher wear rate than éither the
high- or low-bindér-level materials (CG-HB and CG-LB).

There are three factors that might accouiit for the ob-
served wear trend. First, the graphite shear film formation
properties of the carbon graphite might be adversely affected
by increasing the binder level (thite decreasing the overall
graphite content). Second, the higher-bindér-level carbons
are more prone to oxidation because of the less graphitic
structure and the greéater porosity associatéd with the binder
constituent. (No sparking was observed during the tests on
CG-LB.) These two factors explain the increased wear rate
of CG-MB compared to CG-LB. The third factor associated
with the binder level is a general improvement in mechanical
properties that accompanies an increase in concentration of
the binder constituent, as is shown in Table I(b). This factor
is probably responsitle for the reduced wear rate of CG-HB
compared to CG-MB. )

Eftect of chopped carbon fiber additions. - The addition
of finely chopped carbon fibers to thefiller (in place of the
nongraphitic component) of the high-binder-level formulation
(CG-FT) resulted in some reduction in wear rate during
sliding against both disk materials. This may be seen in
Table Il by comparing CG-FF with CG-HB.

A pattern of increasing friction with time of application
was observed when CG-FF was subjected to sliding against
17-22 AS steel. None of the other carbon graphites exhibited
this phenomenon. Also, as shown in Table 1I, the highest
friction against the graphite-cloth-reinforced composite disk
was observed in the case of CG~FF,

An SEM study was made of the featurcs present on the
surface of & CG-FF pad which had been subjected to sliding
against a 17-22 AS stecl disk. Fiber segments were visibie
on the wear surface shown in Fig. 7, and there were signs of
interaction of the fibers with the film formed o the pad sar-
face. In particular, surface striations can be scen in Figs.
7(a) and (b), which suggests an abrasive interaction between
the fiber segments and the sliding surfaces. The interaction
would have to be caused by loose, broken picces of fibers as
they moved out of the contact arca. The fibers constitute
comparatively hard, discrete bodics on the sliding sutface
and have sharp corners and cdges generated by fracture.
Loose, broken fiber segments certafnly have the potential to
mechanically disrupt the softer low-shear-strength {ilm -




much ds i abrasive would., It I8 u question of fiber concen-
tration as to whether this effect will result in o Lugher macro-
scopic wear rate.

Effect of nic additions. - Boron carbide is added to me-
chanical carbons in order to improve their high-temperature
oxidution resistance (7,3). Tuable L) show- that the c¢arbon
graphite with B, C additions (CG-BC) underwent g higher wear
rate than the basic formulation (CG-HB) when sliding against
the 17-22 AS stecel disk material. The higher wear rate was
most Likely the result of abrasive action by particles of B4C
additive. However, when considering a full-scale brake ap-
plication, a trade-off must be made between material loss due
to higher wear at the sliding surfaces and loss of properties
due to oxidation. An increase in the former may be more than
compensated for through improved oxidation resistance af~
furded by the B4C additions. Indced, no instances of spark
generation with its associated heavy oxidation wear were ob-
served with CG-BC. Firm conclusions regarding the benefits
to be obtained through B 4C additions tu high-encergy-brake
carbon formulaiions require full-scale experience,

Friction and wear of graphite-cloth- veinforced com-
posite. - The graphite-cloth-reinforced composite (CGRC)
pads were the most wear resistant of the experimental carbon
matcrials when sliding agaiunst the 17-22 AS steel disk mate-
rial. After a sliding exposure, the pad sliding surfaces had 2
polished appearance with the structure of the graphite cloth
apparent, as shown in Fig. 8. The continuous fiber structure
of the composite had remained essentially intact with a con-

tinwous {ilm smeared over the sliding surface. Figure 8¢y,
an SEM photograph, shows the fiber structure barely visible
through the surfuce filim.

The friction and wear of GCRC pads in sliding contact
with the graphite-cioth-reinforeed disk were markedly differ-
ent trom the preceding results. Even though wear rates to the
pads (Table L)) were not significantly higher, instances of
unstable tranxitions to severe wear and high, 1rregular frie-
tion (hot reflected in the values shown in Table 1) were ob-
served.  Furthermore, these transitions scemed to be irre -
versible. That is, once they occurred, severe wear and high
friction were observed on subsequent sliding exposures, even
after sufficient time intervals to allow for specimen cooling,
as shown in Fig. 9. The severe wear was accompanied by the
generation of clouds of loose carbon debris being spewed from
the contact arva. The eondition of the GCRC pad surface after
such a sliding exposure was signiticantly different from that
shown in Fig, 8. Exposed fibers are obvious in the SEM
photosraphs of Fig. 10, A remarkable feature of the GCRC
material shown i these photographs is the very irregular,
sharp-vdged fiber eross sceetion. The lack of any coherent
shear tayor onthe pad sliding surface is goed evidence that
fiber exposure ultimately leads to the disruption of this layer.
Ihe shape of the fibers and the high nechanical strength asso-
ctiated with thew would caible them to act as potentially abra-
stve constituenty on the pad surface.

The surface condition of the graphite-cloth-reinforced
disk was similar to that of the pad after the incidence of heavy
wear. A 100-pm- (4».1«)"3—1n. -} deep woar track was formed
on this disk, which is extremely significant in view of the un-
measurably small dish wear observed after sliding against
other carbon-graphite materials. Perhaps the use of graphite-
cloth-réinforced composites in high-energy friction applica-
tions would benefit from the development of a specially formu-
lated wear surfsce which would be integral with the reinforced
substrate.

The wear of the boronated graphite material, against both
the 17-22 AS steel and graphite-cloth-reinforced disk mate-
rials, was comparable to that of the CG-HB baseline material.
This is somewhat unexpected in view of the low mechanical
strength of the boronated graphite and the relutively high wear
shown by the standard carbon graphite with B 4C additions
(CG-BC). The extremely soft graphite must have cffectively
lubricated the sliding interface. There was no indication of
abrasive disruption of the surface. The only surface features
that can be related to wear are the presence of surface pits,
as shown in Fig. 11,

In one instance, very severe wear to the boronated graph~
{te pad was observed. This was a case in which the boronated
graphite was subjected t¢ sliding against a graphite-cloth-
reinforced disk following heavy wear to the disk after sliding
against GCRC pad material. The wear to the boronated graph-
ite pads was clearly abrasive, and over half of the pad thick-
ness was worn away before fracture occurred. This happened
after gbout § scconds of sidding. One further test in which
CG-HB was slid against the same graphite-cloth-reinforced
composite disk showed similar results. Heavy abrasive wear
to the CG-HB pad and disk was observed.

Effect of SiC additions. - The friction behavior of the
graphite/SiC composites in contact with 17-22 AS disks was
strongly dependent on SiC concentration, as may be seen in
Table 11, Only the 155:8iC composition showed a coefficient of
friction comparable to that of the other carbon-graphite based
materials, the friction cocfficients of the 405 81C formulation
being about twice as high. The friction coefficients indicated
in Table 11 were measured after 15 seconds of sliding, and
were rapidly rising for the 400,8iC material. The 18%:81C ma-~
terial showed very steady friction over the entire 15 second
exposure.

Wear results for the graphite-8iC composites are summa-
rized in Fig, 6, and compared with the wear of CG-HB typify-
ing the performance of the carbon yraphite materials). Ayain,
only the 165% 8$iC composition showed wear comparablie to that
of the carbon graphite materials,  The higher SiC coneentra-
tion material showed one or two erders of magnitude higher
wear than the typical carton graphites.  In addition, severe
scoring cf the 17-22 AS disk resulted from sliding against
40% SiC material, with islands of transferred disk material
present on the pad surfaces. It appears that SiC additions to
a graphitic matrix adversely affect friction performance, but
that a low concentration (<38 ) of 8iC might be destrabie from

-




the standpolnt of improved oxidation res{stance.,
CONCLUSIUNS

Based on the results of friction and weay experiiiients on
some earbon-graphite muterial sysiems the tollowing conclu-
sions were drawn:

1. Generally, the carbon-graphite materials demonstruted
the potential for constderable tncrease in brake wear [ife com-
pured to the copper based composite materials currently used,

2. 1t was generally observed that smooth friction and low
wear depended on maintaining 2 continuous oriented graphitic

shear layer on the sliding surface of the carbon-graphite pad.
3. The effect of binder level appeared to be as follows:

a. Deereasing the binder level from 70 to 60 parts
per 100 parts filler resulted in increased wear, which
correlated with 2 decrease in mechanical strength.

b. Further decreasing the binder level to 46 parts
per 100 parts filler brought about a decrease in wear
rate despite further strength reductions. This was
thought to be related to the more graphitic structure of
the low-binder-level formulation, with the associated
improvements in graphite shear layer formation and oxi-
dation resistance.

4. The addition of fine graphite fibers to the filler of the
baseline carbon-graphite material resulted in a reduction in
wear rate against both disk materials.

5. When boron carbide (B4C) was added to the bascline
carbon-graphite formulation, a marked increase in wear rate
was observed as a result of sliding against the 17-22 AS steel
disk material.

6. The graphite-cloth-reinforced composite exhibited the
lowest wear vate of all the carbou-graphite formulations
against the 17-22 AS steel disk miterial. * However, an un~
stable friction and wear transition was observed when sliding
was against the graphite-cloth-reinforeed composite disk ma-
terial; heavy wear and erratie friction resultod.

7. The boronated graphite material, though much softer
and weaker than the other experimental carbon graphites,
showed wear rates and frictional behavior comparable to
those of the baseline material

5. Additions of 15 percent or less 8iC to graphite based
materials (in the torm of CVD compositesy might be consid-
ered as an setractive approsch to improving oxidation and exo-~
ston resistancee without severely compromizing frietion and
wear perfermance.
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TARLE I - SPECHFIC WEAR RATES OF CARBON-GRAPHUTE MATERIALS SLIDING AGAINST DISKS

v Dk oenteriad, 1y-0

AN slee]

Pest Frictional | Speethie wem Test Fricuonad ] Specitic wear ] Test Frictional | Speeitic weay
L_\pv" cnerey rale l_\p(':l CHOPRY rate, l_\[u'“ CLCrRY, e,
KkN=m mm” N KN-m mm*y Nem KN-m mm"/.\#m
it
CG-Hh CG-EE 3G
1 i~ PR N i T 422078 I i 1701079
- 11~ by, 0 Y0 poo = o 1
L G0 o . G Do i 295 4
2 2 7.4 ot 2001 149.0 2 242 2.1
: 116 P o 2 262 7.9 . "y
. aay) o Average wear rate 3.0 307"
piiat 4 . i
Averape wear rate® N -5
Averave wour ritet 1~.0.207Y Stundard deviation 1t.9~1077
Average wear ril . _
Standuard deviation G.1:30 G
- YR Qice
Standard deviation 16.0.1¢70 G-1578IC
CG-BC 5
) 00 90~
CG-MB > 2 200 20 1()_(.
1 169 Lo o107 1 140 707
3 1560 21.0.1070 1 197 61,0 3 150 70 1079
. 243 bys 4 o 2061 1=0.0 2, 1w 251070
1 11 u30.00 3 513 14,0 -6
1 176 45.0 1 203 29.0 Average wear rate 301077
b
2 13 490.0 - : andard desiati ou1-0
1 119 6.0 Average wear rate’ <5.0-10"8 }] Standard deviation 12-40
. . Stanca i1 . 10-0 G-4U; 8iC
Average wear rate® Lld. 0108 Standard deviation G4.0-10
. oy GERC 1 600 457701076
Standard deviation 7G.0 10 1 2 <00 d>:i()0
I
s 1 16 3.7-10 .
CG-Lb N 150 - Average wear rate >2i0.1078
-6 - -
9 K « N . K t
= A0 19.0-10 2 4o Y Standard deviation Not
3 357 6. ) i
1 950 16 0 Average wear rate® 1y-a078 determined
1 267 6.3 Standard deviation 1.5-1070
Average wear rate® 12.0.1078
(b) Disk material, graphite-fiber-reinforced composite
CG-HB CG-TF G
1 B2 3440”0 1 25y 211070 ] 242 12.0-1076
2 302 T8 | U 304 3.1 u 253 6.7
CG-)MB [ CG-BC
1 sy 70078 o 243 13.0-1070
2 303 pE Nt
GCRC
CG-LI - ;
) o o a0 1 254 1702076
2 PAYH Tor o 2 354 4.0
L

Y I .
T1 - a combination siinulated-stop = constant=speed exposure.

o

3= a2~ N-normal

U= a lond-variation test pattern expesure.

~lomd. 26-my sec exposure tor G0 see or longer,

o . . N . .
Spark generation vccurred, with oxidation damage to the pad material.,

o N . . .
Not including tests during which spark generation occurred,

< . i
Disk wear and transter of disk material to pad vecurred,

Co
Severe weitr to disk

abserved.
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Figure 1. - Brake apparatus.
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40 . 200v
20‘L 1007 s . (@11 SLIDING SPEED. 31 m/sec
0 NP gL ) 100 ftfsec).
0 200,
A 100~ - @-2) SLIDING SPEED, 26 m/sec
0 OL_J,mA.,L-} (83 ft/sec).
40 2001~
< A = 100“ ' (@3 SLIDING SPEED, 20 m/sec
:. 0 § [P - QMJL__J (67 ftlsec).
& S (2) CONSTANT-SPEED CONTACT TEST.
[ =
Z g ~SLIDING VELOCITY
5 4 = 200 fFFRlCTlOl\! FORCE,30 o
= 100— o~ 2T E
2 \ r 10> SE
0 A 0 w

0 4 3 12 16
ELAPSED TIME, sec
©) SIMULATED-STOP SLIDING EXPOSURE.

250,
-
40 200
1501
20 100+
50!/

0 1 S N TN N NNV IS e

04812162024283236
ELAPSED TIME, sec

() EXTENDED DURATION CONTACT TEST, 422N CONTACT
LOAD.

Figure 2. - Friction data obtained from carbon graphite - high binder
(CG-HB) sliding against a 17-22 AS steel disk under indicated con-
ditions.
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(¢) Cnclosed region in ().

Figure 4. - Surface of carbon graphite — low binder (CG-LL) after 1 minute of sliding against a 17-22 AS steel disk at 26 m sec
(83 ft sec) under a normal load of 422 N (95 thf).
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RERere.

(a) Appearance of general surface.

{¢) Expanded view of fiber shown ().

Figure 7. - Surface of carbon graphite ~ fine fibers (CG-FF) after two 30-second shding exposures against a 17-22 AS stee! disk at
26 m sec (83 ft sec) under 4 normal load of 422 N (95 Ihh.
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FRICTION FORCE,

D

150
B 20— = 100
50
0 i , | 1 ]
0 4 8 12 0 4 8 12
ELAPSED TIME, sec
{a) SLIDING SPEED, {b) SLIDING SPEED,
31 m/sec (100 ft/sec). 26 m/sec (83 ft/sec).
250 —
(a4 |
S = 150
zs 20 100
S 50
& 0 | | |
0 4 8 12

ELAPSED TIME, sec

(c) SLIDING SPEED,
20 m/sec (67 ft/sec),

Figure 9. - Friction data obtained from graphite~cloth-reinforced
composite (GCRC) sliding against a graphite-cloth-reinforced-
composite disk under a normat load of 382 N (86 Ibf).




{b) Region in (a) showing fiber structure of reinfarcing cloth.
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{c) Enclosed region in {a).

Figure 10. - Surface of graphite-cloth-reinforced composite (GCRC) after shiding aganst a graphite-cloth-remforced disk m
stnulated-stop - speed-variation test shown in figure 10.
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